Peripartum cardiomyopathy (PPCM) can be an initial manifestation of familial dilated cardiomyopathy (DCM). We aimed to identify mutations in families that could underlie their PPCM and DCM.
Introduction
Peripartum cardiomyopathy (PPCM) is an idiopathic cardiomyopathy presenting with heart failure secondary to left ventricular systolic dysfunction towards the end of pregnancy or in the first months following delivery, where no other cause of heart failure is found. The left ventricle may not be dilated but the ejection fraction is nearly always reduced ,45%.
1 According to this recent definition, the time frame is not strictly defined, in contrast to previous definitions. 2 -4 The severity of PPCM is highly variable, ranging from complete recovery to rapid progression to end-stage heart failure. Peripartum cardiomyopathy affects 1:300 to 1:3000 pregnancies, with geographic hot spots of high incidence such as in Haiti and Nigeria. 4, 5 The precise mechanisms that lead to PPCM are not fully known. Several risk factors and possible underlying pathological processes have received attention, such as abnormal autoimmune responses, apoptosis, and impaired cardiovascular microvasculature. 5, 6 Recent work into the pathogenesis of PPCM has shown involvement of a cascade with oxidative stress, the prolactin-cleaving protease cathepsin D, and the nursing hormone prolactin, which may lead to a target for a disease-specific therapy, namely pharmacological blockade of prolactin by bromocriptine. 7 -9 In addition, involvement of cardiac angiogenic imbalance may explain why PPCM is a disease seen in late pregnancy and why pre-eclampsia and multiple gestation are important risk factors. 10 Peripartum cardiomyopathy is probably caused by a complex interaction of more than one pathogenic mechanism. The large variation in incidence and clinical characteristics may reflect the involvement of specific mechanisms, or combinations thereof, in certain subgroups of PPCM. We and others recently reported that PPCM can be an initial manifestation of familial dilated cardiomyopathy (DCM), 11, 12 indicating that, at least in a subset of cases, genetic predisposition plays a role in the pathophysiology of pregnancy-associated heart failure. Accordingly, Haghikia et al. reported a positive family history for cardiomyopathy in 16 .5% (19 of 115) of PPCM cases from a German PPCM cohort. 13 So far, eight cases with underlying mutations in DCM-related genes have been published 11, 12, 14, 15 and several other cases with familial occurrences of PPCM and DCM, as well as familial clustering of PPCM, have been reported. 16 -24 Here, we describe our extensive genetic analysis using next-generation sequencing (NGS) technology to identify potentially causal mutations in families with both PPCM and DCM from various parts of the world.
Methods

Subjects and clinical evaluation
We collected a cohort of families with cases of both PPCM and DCM from various parts of the world (the Netherlands, Germany, and South Africa) and studied their clinical characteristics by reviewing medical reports. The local institutional review committees approved the study, and all the participants gave their informed consent. Peripartum cardiomyopathy was diagnosed when a patient had an idiopathic cardiomyopathy presenting with heart failure secondary to left ventricular systolic dysfunction towards the end of pregnancy or in the first months following delivery, where no other cause of heart failure was found.
1 Dilated cardiomyopathy was diagnosed when a patient had both a reduced systolic function of the left ventricle (left ventricular systolic ejection fraction ,0.45) and dilation of the left ventricle (left ventricular end-diastolic dimension .117% of the predicted value corrected for body surface area and age) and only after other identifiable causes such as severe hypertension, coronary artery disease, and systemic disease had been excluded. 25 If only one of the two criteria was fulfilled, the patient was labelled with 'mild DCM'. If the family history suggested DCM in a relative but there were no medical reports to confirm this, the relative was labelled as having 'possible DCM'. Familial PPCM/DCM was diagnosed when there were ≥2 affected family members, at least one with PPCM and one with DCM or sudden cardiac death ≤35 years.
Targeted next-generation sequencing of 48 cardiomyopathy-related genes
Genomic deoxyribonucleic acid (DNA) was extracted from blood samples obtained from all the available PPCM patients and their affected relatives. Targeted NGS was performed in one or two affected relatives in the selected families (these individuals are marked with an arrow in Figures 1 and 2 ). We developed a kit based on Agilent Sure Select Target Enrichment for mutation detection in 48 genes (all exonic and +20 bp of exonflanking intronic sequences) known to be involved in inherited cardiomyopathies (ABCC9, ACTC1, ACTN2, ANKRD1, BAG3, CALR3, CRYAB, CSRP3/ MLP, DES, DMD, DSC2, DSG2, DSP, EMD, GLA, JPH2, JUP, LAMA4, LAMP2, LMNA, MYBPC3, MYH6, MYH7, MYL2, MYL3, MYPN, MYOZ1, MYOZ2, PKP2, PLN, PRKAG2, PSEN1, PSEN2, RBM20, RYR2, SCN5A, SGCD, TAZ, TBX20, TCAP, TMEM43, TNNC1, TNNI3, TNNT2, TPM1, TTN, VCL, ZASP/ LDB3). 26 Samples were prepared according to the manufacturer's protocols and multiplexed to an amount still permitting a theoretical coverage of 100 reads per targeted sequence/per patient. All samples were sequenced using 151 bp paired-end reads on an Illumina MiSeq sequencer and analysed using the MiSeq Reporter pipeline and Nextgene software. 27 Eleven amplicons with low coverage were also analysed by Sanger sequencing. Identified mutations were confirmed by Sanger sequencing. To study co-segregation, affected relatives were screened for carriership of the identified mutations by Sanger sequencing.
Sanger sequencing STAT3 gene
The STAT3 gene (all coding exons and flanking intronic sequences) was analysed by Sanger sequencing in PPCM patients of the collected families.
Classification of identified mutations
The criteria used to classify mutations were published recently. 28 Briefly,
we used a list of mutation-specific features based on in silico analysis using the mutation interpretation software Alamut (version 2.2.1). A score was given depending on the outcome of a prediction test for each feature (i.e. the PolyPhen-2 prediction tool). Then, depending on the total score and the presence/absence of the mutation in at least 300 ethnically matched control alleles (data obtained from the literature and/or available databases, e.g. http://evs.gs.washington.edu/EVS and http://www. nlgenome.nl, or from our own control alleles), we classified mutations as: pathogenic, not pathogenic, or as a variant of unknown clinical significance (VUS; VUS1, unlikely to be pathogenic; VUS2, uncertain; VUS3, likely to be pathogenic). Co-segregation data and/or functional analysis were needed to classify a mutation as pathogenic.
Functional analysis of TTN mutation
Passive force was measured in single membrane-permeabilized cardiomyocytes mechanically isolated from the heart tissue. 29, 30 Titin isoform composition was analysed, as described previously. 30 
Results
Clinical characteristics: low rate of full recovery in peripartum cardiomyopathy cases of familial peripartum cardiomyopathy/dilated cardiomyopathy
We collected 18 families with familial PPCM/DCM. These families originated from the Netherlands (n ¼ 11), Germany (n ¼ 6), and South Africa (n ¼ 1; black). Clinical data of the PPCM cases in these families are summarized in Table 1 and of all (likely) affected relatives in Supplementary material online, Table S1 . The pedigrees of all the families are shown in Figure 1 (NL1-11) and 2 (SA1 and GER1-6). In two families, there were two cases of PPCM (NL1 and SA1). Eight families (NL1-7 and SA1) have been described previously.
11,31
The median age at diagnosis in PPCM patients was 29 years (n ¼ 15; range 20-36 years), with mean parity 2 (n ¼ 13; range 1-4). Peripartum cardiomyopathy diagnosis was post-partum in 12 of 14 patients. Only 2 of 20 PPCM patients showed a full recovery of left ventricular function, one of them even had an uneventful next pregnancy (NL9 III:1, LVEF still normal 3 years after diagnosis; and GER1 II:1, full recovery with uneventful second pregnancy 2 years later). Another PPCM patient showed the recovery of left ventricular function, but only under treatment with a b-blocker and ACE inhibitor (NL10 III:6).
In addition to 20 confirmed PPCM patients in these families, five relatives show clinical characteristics suggestive for PPCM (NL4 Table S1 ). Peripartum cardiomyopathy could not be confirmed because clinical data of these relatives was lacking. In addition, two relatives with DCM showed a decline of left ventricular function after delivery (NL2 IV:8 and SA1 II:3; Supplementary material online, Table S1 ).
Targeted next-generation sequencing: potential causal mutations in cardiomyopathy-related genes, in particular TTN, are common in familial peripartum cardiomyopathy/dilated cardiomyopathy Using our validated NGS approach, 27 a mean coverage of 220× per individual patient was reached and, on average, 98.5% of all targeted nucleotides were covered at least 20×. In 4 of 18 families (22%), pathogenic mutations in cardiomyopathyrelated genes were identified (3 in TTN and 1 in BAG3). In addition, in six other families (33%) VUS3s were identified (four in TTN, one in TNNC1, and one in MYH7). An overview of these mutations and VUS3s, and the respective co-segregation analyses are shown in Table 2 . All seven TTN mutations/VUS3s were located in the titin A-band, for which over-representation of mutations in DCM patients was reported previously. 32 No potential mutations were identified in eight families (NL2, NL5, NL7, NL8, SA1, GER2, GER3, and GER6). An overview of the 26 mutations that were not classified as potentially disease-causing (VUS1s and VUS2s) identified in the 18 families is shown in Supplementary material online, Table S2 .
No STAT3 mutations in peripartum cardiomyopathy cases
No STAT3 mutations were identified in 15 PPCM cases (DNA was available from 15 to 20 cases).
Functional and protein analyses support the pathogenicity of a likely pathogenic TTN mutation Heart tissue from PPCM patient GER4 II:1 with a VUS3 in TTN was available for functional and protein analyses. Passive force was measured in single cardiomyocytes (n ¼ 4) at sarcomere lengths of Figure 3) . Our functional measurements of passive stiffness, which is largely based on titin composition in the heart, revealed a very low passive force development (
to 2.2 mm (see
at a sarcomere length of 2.2 mm in the PPCM sample compared with previously reported values in control hearts ( 2.5 kN/m 2 ).
29,30
Analysis of titin isoform composition showed a shift towards the more compliant N2BA isoform evident from a higher N2BA/N2B ratio (0.72 + 0.02; mean of triplo) in the PPCM heart compared with the previously reported ratio (0.39 + 0.05) in control hearts. 30 
Discussion
This is the first report of a comprehensive genetic analysis in a large series of cases with familial occurrences of PPCM and DCM. We identified pathogenic mutations in cardiomyopathy-related genes in 4 of 18 families (22%) and VUSs that may be pathogenic in 6 other families (33%). These data support the earlier finding that PPCM can be part of familial DCM.
11,12
Cascade genetic screening can identify relatives at risk in those families in which an underlying mutation has been identified. Our data also specifically show a low recovery rate in our cohort (only 10%) compared with reports in other groups not selected for familial cases (recovery rates of around 25 to 50%), 33 -36 indicating that the presence of an underlying mutation or positive family history for cardiomyopathy in a patient with PPCM may be a prognostic factor for a low recovery rate.
The targeted NGS approach that we have developed provides high-throughput, rapid and affordable molecular analysis for cardiomyopathies. 27 As accurate annotation of mutations in cardiomyopathies is of the utmost importance, 37 we were extremely careful in classifying these. 28 Our study has several advantages: one is the inclusion of some large families, where co-segregation analysis added value to the classification of mutations. Another was the large number of genes we tested, including the large TTN gene, for which mutation analyses on a large scale were impossible before NGS became available, because exclusion of pathogenic mutations in 47 other candidate genes makes it more likely that the identified VUS3s have a pathogenic nature. Accordingly, the previously reported TNNC1 mutation is still the only potential genetic cause in family NL4. 11 And although the pathogenicity of truncating TTN mutations is still under debate due to these types of mutations being found in apparently healthy controls (up to 3%) and the general population, 32,38 the pathogenicity of TTN VUS3s identified in our families also becomes more likely after excluding pathogenic mutations in 47 other cardiomyopathy-related genes. Possible exclusion of mutations in other genes in patients carrying truncating TTN mutations was not explicitly addressed by Herman et al. 32 As expected, we identified several mutations in the majority of patients, however, we focused on the pathogenic mutations and VUS3s. Other identified mutations (VUS1s and VUS2s; see Supplementary material online, Table S2 ) might be benign genetic variations, but some may also contribute to the development of disease in these families. Some of these VUSs might even be independently pathogenic, but additional testing is needed to confirm this (this might be the case for two VUS2s in TTN [p.Arg1408Cys (c.4222C.T) in GER2, and p.Glu2076Gly (c.6227A.G) in GER6]). Other possibilities are that these VUSs may act as modifiers, or that they are risk factors with a low penetrance. The great majority of pathogenic mutations and VUS3s (7 of 10) were in the TTN gene, which encodes the giant sarcomeric protein titin. It was recently reported that truncating mutations in TTN account for a significant portion ( 25%) of the genetic aetiology in familial DCM. 32 The high yield of pathogenic mutations and VUS3s
in TTN in our cohort of familial PPCM/DCM cases (39%; 7 of 18) suggests that TTN mutations are specifically related to PPCM. Changes in isoform expression and phosphorylation status of titin have been reported in acquired forms of heart failure (reviewed by Hildalgo and Granzier). 39 We were able to measure functional properties and titin isoform composition in heart tissue from one of the PPCM patients with a VUS3 in TTN. The passive force was twice as low as the value previously reported in control groups, and was associated with a shift towards the more compliant N2BA titin isoform. The shift towards more compliant N2BA has been reported in human heart failure. 30, 40, 41 Overall, our data from functional and protein analyses support the pathogenicity of this particular TTN mutation. We still classify this mutation as VUS3; however, extended experience with these functional analyses might drive us to re-classify this VUS3 towards a pathogenic mutation. Recent studies indicated that titin phosphorylation is indirectly altered by increased oxidative stress 42 and, as such, may represent a likely pathomechanism in PPCM. Future studies will need to reveal the functional deficits induced by mutations in the TTN gene in relation to high oxidative stress, as present in PPCM. There may be genetic factors specific for PPCM development, for example a factor tentatively underlying the geographical hotspot of incidence in Haiti, and a locus near the PTHLH gene reported by Horne et al. 43 We only focused on the STAT3 gene as a possible specific genetic factor for PPCM. Because mice with cardiomyocyte-specific deletion of STAT3 develop PPCM, 7 STAT3 might also be involved in human PPCM, but there are no human genetic data supporting this yet. STAT3 mutations are so far only known to cause hyper-IgE syndrome. 44 In contrast to the PPCM cases, some women in our PPCM/DCM families went through several pregnancies without developing PPCM. We therefore hypothesized that STAT3 mutations in the PPCM cases of these families contributed to the development of PPCM, in addition to an underlying cardiomyopathy-related mutation. However, we found no STAT3 pathogenic mutations or VUSs in these PPCM cases, which was consistent with previous findings. 7 Exome sequencing of rare familial PPCM cases could lead to identifying novel genetic factors specific for PPCM. However, this approach is limited by the fact that familial PPCM cases with more than two affected relatives or with affected distant relatives are lacking. An alternative strategy could be to compare the data from exome sequencing on different PPCM cases in order to identify a shared genetic cause, but this might not lead to a result because the causal genetic factor may well be unique to each family.
Limitations
One limitation of our study is that it does not provide data on the frequency of familial disease in PPCM. Currently, we only have data from a German cohort reporting a positive family history for cardiomyopathy in 16.5% of PPCM cases, 13 but we hope to gain more information via the Peripartum Cardiomyopathy Registry of EURObservational Research Programme (www.eorp.org) (unpublished data, 2013, manuscript submitted to European Journal of Heart Failure). Another limitation is that retrieving information on larger deletions/duplications from NGS data is not possible yet, although software to enable such analysis is being developed. We may therefore have missed that type of mutation in our analyses. A further limitation is the difficulty of judging which TTN mutations are pathogenic, given the presence of truncating TTN mutations in the general population and reported truncating mutations that do not segregate with disease in DCM families. 32, 38, 45 In contrast to the latter observation, we were able to show co-segregation of truncating TTN mutations/ VUS3s in five of our families (NL1, NL6, NL9, NL10, and NL11; Table 2 ), and we have data from functional and protein analyses supporting the pathogenicity of one likely pathogenic TTN mutation (GER4 II:1). Additional functional studies on TTN mutations and collection of large families carrying these mutations are needed. Moreover, although our findings suggest a specific role for TTN mutations in families with PPCM and DCM, we do realize that the number of families studied is currently too small to definitely conclude this. Finally, we were lacking some clinical data, especially of cases that showed clinical characteristics suggestive of PPCM.
Conclusions and practical implications
Potentially causal mutations in cardiomyopathy-related genes are common in families with both PPCM and DCM, in particular TTN mutations. The targeted NGS approach we applied has been shown to be suitable for identifying such mutations. Functional studies as performed in the present study may provide a future tool to confirm pathogenicity of TTN mutations. Our results provide more support for the earlier finding that PPCM can be a manifestation of familial DCM. Cascade genetic screening can identify relatives at risk in those families in which an underlying mutation has been identified. Moreover, the presence of an underlying mutation or a positive family history for cardiomyopathy in a PPCM patient may be a prognostic factor for low recovery rate.
